Novel arsenite [As(III)] oxidase structural genes (aoxAB) were cloned from Hydrogenobaculum bacteria isolated from an acidic geothermal spring. Reverse transcriptase PCR demonstrated expression throughout the outflow channel, and the aoxB cDNA clones exhibited distribution patterns relative to the physicochemical gradients in the spring. Microelectrode analyses provided evidence of quantitative As(III) transformation within the microbial mat.
Novel arsenite [As(III)] oxidase structural genes (aoxAB) were cloned from Hydrogenobaculum bacteria isolated from an acidic geothermal spring. Reverse transcriptase PCR demonstrated expression throughout the outflow channel, and the aoxB cDNA clones exhibited distribution patterns relative to the physicochemical gradients in the spring. Microelectrode analyses provided evidence of quantitative As(III) transformation within the microbial mat.
We have been studying microbial arsenite [As(III)] oxidation in the outflow channel of an acidic geothermal spring in Yellowstone National Park with the goal of understanding As biogeochemical cycling in geothermal environments specifically and, at a more general level, the environmental factors that influence this important microbial process. We have shown that H 2 S is a potent inhibitor of microbial As(III) oxidation in this acidic system (3, 5) and that H 2 S influences the distribution of an As(III) chemolithotroph within the spring outflow channel (3). However, results from ex situ assays suggested that an As(III) oxidase enzyme(s) is present in the microbial mat but is presumably maintained in an inhibited state by H 2 S (3). Hydrogenobaculum overwhelmingly dominates the microbial community inhabiting this region of the spring outflow channel (Ͼ95% of PCR clone libraries) (4, 8) , as well as other acidic geothermal features studied in Yellowstone (14) , and consequently, the As(III) oxidase enzyme(s) of these organisms deserved scrutiny. In this brief communication, we describe the cloning, sequencing, and in situ expression studies of Hydrogenobaculum As(III) oxidase genes in this model acidic geothermal spring. We also demonstrate the use of novel microelectrode profiling to identify As(III) and H 2 S transformations within the mat.
Cloning of Hydrogenobaculum As(III) oxidase genes. The research location was Dragon Spring, an acid-sulfate-chloride geothermal spring, which is a National Science Foundation Microbial Observatory we have previously described in detail (see references 3 and 4 for color images illustrating the outflow channel and relevant geochemical profiles). Source waters are a nearly constant pH 3.1, temperatures range from 68 to 72°C, and the water contains roughly 15 nM H 2 , ϳ60 M H 2 S, 33 M As(III), and 60 M Fe(II) (4, 9) . We focused primarily on the yellow elemental sulfur (S 0 ) deposition zone, though some sampling was also conducted in the brown Fe-oxyhydroxide zone. Hydrogenobaculum bacteria are present in both (5, 8) Fig. 1) . In situ expression. Acquiring the aox gene sequence provided an essential tool for determining whether the Hydrogenobaculum As(III) oxidase genes are being expressed in the high-H 2 S regions of the spring system. Total RNA was extracted from the microbial mat at discrete locations in the S 0 deposition zone where H 2 S levels ranged from 80 to 10 M, concentrations that are consistent with previous chemical analyses (3, 9). The extremely friable nature of the mat material made it impossible to collect mat material at specific depths, and thus a homogenized mat sample was taken at each transect site. The RNA extraction and reverse transcriptase PCR (RT-PCR) protocols used were as previously described (1) . Primers aoxFor/aoxRev failed to work with all of the mRNA samples, and thus several primer sets representing internal sections of Hydrogenobaculum aoxB were examined. RT-PCR primers aoxBRTFor (5Ј-CAAGGAGTAGCCCTGCAAAG-3Ј) and aoxBRTRev (5Ј-CCTTGAAGGTTTGGCATCAT-3Ј) (94°C for 5 min; 30 cycles of 94°C for 45 s, 50°C for 45 s, and 72°C for 1 min; 72°C for 10 min; and a hold at 4°C) were found to consistently yield the expected amplicons (593 nucleotides), regardless of H 2 S(aq) (Fig. 2) . PCR controls were negative, demonstrating that there was no DNA contamination (Fig. 2) .
Sequencing of cloned RT-PCR amplicons revealed a range of unique aoxB sequences (GenBank accession no. FJ376462 to FJ376483) with 92 to 99% amino acid identity with the aoxB genes cloned from the pure Hydrogenobaculum cultures and represented 22 different inferred amino acid sequence variants from the S 0 and Fe-oxyhydroxide zone sediments. Eleven cloned cDNAs (clone Dr5.1) were identical and only found near the spring source (5 cm). Given their clear phylogenetic relatedness to Hydrogenobaculum relative to the aoxB genes of other defined taxa (Fig. 3) , the Dr5.1 sequences may be evidence of distinct Hydrogenobaculum population distribution patterns. cDNA clone sequences derived from the S 0 deposition zone clustered with that of the pure Hydrogenobaculum cultures but were separate from those of the brown Fe-oxyhydroxide zone (Fig. 3) . The aoxBRTFor/aoxBRTRev primers failed to amplify the aoxB gene from the As(III) chemolithoautotroph Acidicaldus we previously isolated from the brown mat (3), implying that the brown mat amplicons were from an organism(s) that is distinct from Acidicaldus. Phylogenetic comparison with aoxB sequences available from other pureculture-characterized organisms suggests that if these particular cDNA clones are not from a Hydrogenobaculum sp., then they could likely derive from a closely related taxon within the phylum Aquificae. Unifrac analysis (10) supported the view that the S 0 deposition zone and the brown Fe-oxyhydroxide zones were different environments with respect to aox gene diversity (raw P score, Ͻ0.0001).
Microelectrode studies. We employed microelectrode technology for real-time simultaneous measurement of H 2 S and As(III) across small vertical spatial scales in the microbial mat, with construction and use of the gold amalgam microelectrode as previously described (2, 7). H 2 S and As(III) concentrations in the overlying geothermal waters (Fig. 4) were completely consistent with previous measurements by traditional aqueous chemistry (3, 4, 9) . However, as the amalgam microelectrode was incrementally lowered into the S 0 mat, As(III) levels declined sharply at approximately
FIG. 1. Phylogeny of Hydrogenobaculum aoxB. Shown is a neighbor-joining-based phylogenetic tree (PAUP 4.0b10) inferring the evolutionary relationship between Hydrogenobaculum aoxB and other aoxB genes within the domains Bacteria and Archaea (accession numbers are in parentheses)
. Phylogeny is based on alignments of a common 383-amino-acid region (aligned with ClustalW). The tree was rooted with the Escherichia coli formate dehydrogenase (Fdh) (not shown), representing a different clade within the dimethyl sulfoxide reductase family (11) . Bootstrap values of Ͼ50% are shown.
FIG. 2. In situ expression of Hydrogenobaculum aoxB.
Shown is an agarose gel illustrating the RT-PCR amplicons obtained from RNA extracted from regions of the Dragon Spring outflow channel that vary in H 2 S concentration (the Fe-oxyhydroxide brown mat zone is represented by 0 H 2 S). For each lane, 10% of the PCR amplicon was loaded. MW, molecular size.
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HYDROGENOBACULUM ARSENITE OXIDATION AND aox EXPRESSION 3363 the 1-mm depth and corresponded to a similarly sharp decline in H 2 S (Fig. 4) .
Conclusions.
The results of experiments summarized herein provide several new and key elements to our understanding of microbial As(III) oxidation in geothermal environments. The ability to clone the Hydrogenobaculum aoxAB genes provided an opportunity to link an aox sequence with a specific cultivated and characterized microorganism outside the phylum Proteobacteria and represents an incremental but important expansion of a very limited aox phylogeny database. The relatedness of Hydrogenobaculum aoxB to that from Thermus is consistent with previous observations that the phylogenetic relationships of genes encoding arsenic metabolism are similar to 16S rRNA gene phylogeny and thus suggests a long evolutionary history (6) . Further, the distinct distribution pattern of the novel cDNA clones correlated with equally distinct geochemical gradient zones where we have documented H 2 S and H 2 to be present (S 0 deposition zone) or below detection (brown Fe-oxyhydroxide zone) (3, 4) . Documentation of aoxB expression in the S 0 deposition zone provides direct evidence that As(III) oxidase genes are indeed being expressed and affirms our prior work, in which ex situ assays suggested that As(III) oxidases are present in the mat but inactive due to H 2 S inhibition (3). Studies concerning H 2 S inhibition of As(III) FIG. 3 . AoxB diversity in Dragon Spring. Amino acid sequences were inferred from aoxB cDNAs amplified from the Dragon Spring yellow S 0 deposition zone and brown Fe-oxyhydroxide mat zone. Relative phylogeny was estimated by using the neighbor-joining algorithm in PAUP 4.0b10, with comparisons based on a 183-amino-acid region corresponding to aoxB nucleotide positions 262 to 684. Dragon clone numbers correspond to distances from the source and clone designators. For clones represented multiple times in the library, the number in parentheses after the clone number indicates the number of clones containing this sequence. Other aspects of this comparison not shown (to conserve space) include all of the other sequences illustrated in Fig. 1 and for which all elements of topology were completely preserved. Microelectrode data obtained in the present study represent novel observations with respect to environmental arsenic biogeochemistry. These real-time in situ geochemical determinations illustrated a sharp and nearly quantitative decline in As(III) and H 2 S concentrations as a function of mat depth (Fig. 4) , clearly suggesting that both are subjected to important transformations within the mat over very small spatial scales (Fig. 4) . The similarity of these profiles is consistent with previous work showing the dependence of As(III) oxidation on the absence of H 2 S (3, 5), though in this study the 50-m steps used for microelectrode measurements were too coarse to allow us to identify the exact H 2 S concentration at which the As(III) transformation occurred in the vertical dimension. We note, however, that the highly friable nature of the S 0 flocs renders the collection of biomass (for RNA extraction) from specific depths with 50-m spatial resolution very difficult, and thus we were not able to examine aox expression at this fine spatial scale to determine if aoxB expression vertically within the mat may also be correlated with H 2 S levels.
The disappearance of the H 2 S signal is consistent with its oxidation by the microaerobic Hydrogenobaculum bacteria known to dominate the S 0 deposition zone and that we have shown to grow with H 2 S as an energy source (4). The basis for the nearly quantitative loss of the As(III) signal may be biotic or abiotic. Transformation products would likely not be thioarsenites, as the latter are also electroactive with Au amalgam electrodes (G. K. Druschel, unpublished data), react at the same potential as As(III) inorganic species, and were concluded to be absent by Planer-Friedrich et al. (13) . Rather, the loss of the As(III) signal likely indicates the formation of the arsenate oxyanion or thioarsenates, neither of which are electroactive at Au amalgam electrodes and thus account for the loss of signal. Arsenate is the major transformation product observed in previous ex situ assays conducted with this mat material (3, 9) , and thioarsenates have been reported to occur in the S 0 deposition zone of this spring (13) . Methylated arsenicals are also possible and have also been detected in this spring, though it is unclear at what concentration (12) . One feature common to these latter arsenic compounds is that they all represent oxidation products; initial attempts to detect reduced volatile species at this site (e.g., AsH 3 ) have thus far been unsuccessful (12) . As abiotic formation of thioarsenates is favored under high-pH conditions (15) , it will be interesting to determine whether their occurrence in this acidic environment derives directly from microbial activity.
